Malfunction of autophagy, the process that mediates breakdown and recycling of intracellular components in lysosomes, has been linked to a variety of human diseases. As the number of pathologies associated with defective autophagy increases, emphasis has switched from the mere description of the status of autophagy in these conditions to a more mechanistic dissection of the autophagic changes. Understanding the reasons behind the autophagic defect, the immediate consequences of the autophagic compromise and how autophagy changes with the evolution of the disease has become a 'must,' especially now that manipulation of autophagy is being considered as a therapeutic strategy. Here, we comment on some of the common themes that have emerged from such detailed analyses of the interplay between autophagy and disease conditions.
Introduction
The impaired ability to maintain organelle and protein homeostasis, or proteostasis, has been implicated as a common cause of numerous human diseases. Chaperones and the two main proteolytic systems that participate in this cellular quality control, the proteasome and the lysosomal system or autophagy, have become attractive targets in the treatment of protein conformation diseases. In the case of autophagy, the main topic of this review, its additional role in maintaining the cellular energetic balance has made autophagic failure relevant for human metabolic disorders, further increasing the interest of the biomedical community in this process. The first pharmacologic modulators of autophagy have made their debut in clinical trials for cancer, myopathies, genetic liver disorders and heart conditions (Database: ClinicalTrials.gov) and searches for genetic polymorphisms in autophagy-related genes (ATG) that could affect predisposition to metabolic diseases or neurodegeneration are under way. As the relevance of autophagy to human disease increases, further consideration as to what the autophagic changes are 'telling us' about each disease becomes necessary. In this review, we comment on common themes concerning the relationship between autophagy and disease that we foresee will become important in the future implementation of therapies that target the autophagic process.
Autophagy: the basics
The degradation of intracellular components by lysosomes, or autophagy, occurs in a multi-step fashion that requires recognition of the substrate to be degraded (or cargo), delivery to lysosomes, degradation and recycling of the breakdown products. Depending on the molecular components involved in each of these steps, three types of autophagy have been identified to co-exist in most cell types ( Figure 1 ). In macroautophagy, cargo is sequestered inside double-membrane vesicles (autophagosomes) for delivery to lysosomes through vesicular fusion (Box 1) [1] . In microautophagy, cytosolic material is internalized for degradation in single-membrane vesicles that form through invaginations in the surface of lysosomes or late endosomes [2] . In contrast, vesicles are not necessary in chaperone-mediated autophagy (CMA) in which substrate proteins are identified by a cytosolic chaperone that delivers them to the surface of lysosomes for internalization through a translocation complex, formed by multimerization of the CMA receptor protein, LAMP-2A (Box 2) [3] .
Most connections between autophagy and disease stem from its role in quality control of the proteome and organelles and in the maintenance of the cellular energetic balance. Disruption of autophagy in post-mitotic tissues such as neurons and cardiomyocytes leads to accumulation of altered proteins and organelles, even in absence of any insult [4] . Activation of autophagy is also part of the cellular response to stressors that inflict protein or organelle damage (i.e. oxidative stress, ER stress, genetic mutations) and to challenges that require major adaptive changes in proteome and organelle content to assure cellular survival (i.e. nutrient and growth factor withdrawal, infection or hypoxia) [4] .
During nutrient deprivation, autophagy breaks down proteins to replenish the pool of free amino acids and increase cellular ATP levels [5] . The discovery of lipophagy (macroautophagy degradation of lipid droplet triglycerides into free fatty acids [6 ] ) and glycophagy (macroautophagy and microautophagy degradation of glycogen stores into oligosaccharides and glucose [7] ) have reinforced the contribution of autophagy to metabolic homeostasis. Lipophagy also exerts a protective function against lipotoxicity, and in fact, upregulation of the transcription factor EB (TFEB), which controls lysosomal biogenesis and activates macroautophagy, prevents diet-induced obesity and the metabolic syndrome [8 ,9 ] . CMA can also modulate cellular energetics through the regulated degradation of enzymes involved in distinct metabolic pathways [10, 11 ].
Autophagy and disease
Alterations in autophagy occur in systemic diseases such as cancer [12] , metabolic dysfunction [6 ] and vascular instability [13] and in organ-specific pathologies such as neurodegeneration [14] , cardiomyopathies and myopathies [15, 16] , non-alcoholic fatty liver disease [17] or Crohn's disease [18 ] . Next, we summarize some emerging themes in the relationship of autophagy and disease.
Where does autophagic function go awry?
The multi-step nature of autophagy makes it vulnerable to failure at different levels ( Figure 1 ). Identifying the step(s) affected in disease is important because of the distinct downstream consequences and therapeutic implications.
Pathologies affecting each of the steps in macroautophagy have been described (Figure 2 ). Reduced ability to recognize cargo can originate from alterations in the degradation tags or in the adaptor molecules that bridge these tags with the autophagic machinery. For example, defective mitochondria turnover by mitophagy in familial Parkinson's disease (PD) has been linked to recessive mutations in parkin and PINK1, proteins responsible for mitochondrial priming for mitophagy [19] . Mutations in the adaptor p62 have been associated with Paget disease and amyotrophic lateral sclerosis (ALS) [20] . Abnormal interactions of pathogenic proteins with autophagy adaptors can also limit cargo recognition. For example, aberrant binding of pathogenic huntingtin to p62 prevents selective recognition of mitochondria, lipid droplets, and even cytosolic aggregates of the mutant protein in neurons from Huntington's disease (HD) patients [21 ] . Failure to selectively recognize and degrade energy stores also compromises the energetic balance of the affected neurons. Better understanding of cargo recognition effectors may link alterations in this step to other diseases. For example, mis-handling of glycogen in cardiac pathologies has been recently attributed to defective glycophagy due to reduced expression of the glycophagy receptor, starch binding domain-containing protein 1 [22] .
A growing number of diseases present with defects at the level of initiation and autophagosome formation ( Figure 2 ). In fact, monoallelic loss of the initiation complex component Beclin-1 was the first connection established between autophagy and cancer [23 ] . Mutations in autophagy genes involved in autophagosomal elongation such as Atg16L1 [18 ] and WIPI4 [24] have been associated with Crohn's disease and neurological disorders, respectively, and polymorphisms in Atg5 with asthma and systemic lupus erythematosus [25, 26] . Further efforts should focus on discriminating whether disease originates from autophagic malfunction or from autophagy-independent functions of these Atg proteins.
Autophagic activity depends on the integration of inputs from multiple signaling pathways. Consequently, pathologies with primary alterations in the signaling molecules that participate in these pathways can result in defective autophagy initiation. Current efforts are focused on analyzing how extracellular signals that activate autophagy are integrated and transduced and how cellular intercommunication affects this process. Among the novel signaling transducers, the recently described regulation of nutrient-induced autophagy by primary cilia [27] raises the possibility that autophagy could be altered in ciliopathies. Likewise, conditions that affect intercellular communication such as diseases with mutations in connexins may also impact autophagy in light of the recently identified inhibitory effect of connexins on autophagy activation [28] .
Later autophagy steps such as autophagosome maturation (by lysosomal fusion), cargo degradation and recycling of 18 Molecular and genetic bases of disease
Box 2 Molecular basis of chaperone-mediated autophagy
Delivery of substrates to lysosomes by chaperone-mediated autophagy (CMA) is a multi-step process. Cytosolic proteins that contain a pentapeptide motif inherent in their amino acid sequence are recognized by the chaperone hsc70 and delivered to the surface of lysosomes. In order to cross the lysosomal membrane, substrate proteins interact with the receptor protein Lysosome-Associated Membrane Protein type 2A (LAMP-2A). Binding of the substrates to the cytosolic tail of this single-spanning membrane protein promotes multimerization of LAMP-2A and the formation of an oligomeric complex required for translocation of proteins into the lysosomal lumen for degradation. A lysosome-resident form of hsp90 stabilizes LAMP-2A during this transition, and a second lysosome chaperone, lys-hsc70, completes substrate internalization.
CMA is maximally upregulated in response to stress (i.e. prolonged lack of nutrients, oxidative stress, and cellular insults resulting in protein damage). However, basal CMA activity is detectable in most cells. Cells compensate for loss of CMA by upregulating macroautophagy or the ubiquitin-proteasome system, but this compensation is insufficient under certain conditions, rendering CMAincompetent cells more susceptible to stress. Interestingly, this cross-talk among proteolytic systems is multi-directional because cells with compromised macroautophagy exhibit upregulated CMA while both macroautophagy and CMA are upregulated in response to proteasome inhibition.
Most of the regulation of CMA takes place at the lysosome, where rates of substrate uptake are determined by the levels of LAMP-2A at the lysosomal membrane and of lys-hsc70 in the lumen. The ability of LAMP-2A to organize into a translocation complex is another ratelimiting step in CMA-mediated degradation. The signaling mechanisms that integrate the activating stimuli of CMA are a subject of current investigation.
Box 1 Steps and effectors of macroautophagy
Macroautophagy occurs through the following sequential steps orchestrated by proteins generally known as autophagy-related proteins or Atg:
Cargo recognition: In selective macroautophagy, the material sequestered for lysosomal degradation is identified by cargorecognizing proteins. These adaptor molecules simultaneously bind the cargo (often post-translationally modified residues) and a component of the forming autophagosome membrane (LC3).
Initiation of autophagy and formation of the phagophore/ isolation membrane: Assembly of autophagy (Atg) proteins for the formation of the autophagosome membrane is initiated by two kinase complexes, ULK1/Atg13/FIP200 and Beclin-1/Vps34/ Atg14, and by the arrival of vesicles containing Atg9 to the site of formation. Additional Atgs associate to the kinase core complex, depending on the cellular location where autophagy is initiated, and modulate its activity. Phosphorylation of specific proteins and lipids in these areas mediate the elongation of the phagophore/ isolation membrane through conjugation of Atg proteins with other Atgs and with specific lipid moieties. A series of ligases modify proteins undergoing conjugation and link them to the final product. Genetic manipulation of Atg7, the upstream ligase shared by the two conjugation pathways, is commonly used to experimentally abrogate macroautophagy activity.
Sealing of the membrane and autophagosome-lysosome fusion: Different SNARE proteins and small GTPases participate in the sealing of the autophagosome membrane, docking at the lysosome, and fusion. Motor proteins such as dynein and their associated modulators are also utilized for microtubule-dependent trafficking of autophagosomes.
Recycling of essential components: Permeases and reverse transporters in the lysosomal membrane mediate the efflux of degraded components into the cytosol. The products resulting from autophagic degradation can be reutilized in anabolic or catabolic processes.
breakdown products are also compromised in disease ( Figure 2 ). Mutations in motor and adaptor proteins that participate in autophagosome trafficking and conditions that disrupt the cytoskeleton network all impact macroautophagy. Defective autophagosome clearance can also be due to primary defects in the proteins that participate in autophagosome-lysosome fusion such as mitofusin 2, whose depletion in cardiomyocytes renders them susceptible to ischemia-reperfusion [29] , UVRAG, mutated in human gastric cancer [30] , EPG5, implicated in the systemic Vici syndrome [31] or LAMP-2, mutated in Danon disease patients [32 ] . Pathologies that prevent autophagosome clearance post-lysosomal fusion include most lysosomal storage disorders (LSD) caused by defects in lysosomal enzymes [33] and conditions that interfere with lysosomal acidification or membrane stability [34 ] .
In the case of CMA, pathology can arise from defects in substrate targeting, translocation across the lysosomal membrane or luminal degradation (Figure 1 ). Post-translational modifications in the CMA targeting motif in substrate proteins can alter their lysosomal delivery, such as for PKM2 in cancer cells [10] . More common are pathologies with defective CMA at the level of substrate translocation across the membrane. PD-related proteins a-synuclein, LRRK2, and UCH-L1 interfere with the assembly of the CMA translocation complex [35 ,36] , whereas in tauopathies, pathogenic tau remains stuck inside the translocation complex [37] (Figure 2 ). Conditions that destabilize LAMP-2A at the lysosomal membrane, like dietary lipid challenges or aging, also affect translocation [38] .
What are the downstream consequences of autophagy failure in disease?
Altered protein quality control, disrupted metabolic homeostasis, and inefficient stress response are common consequences of most types of autophagic failure. Other detrimental effects of disrupted macroautophagy vary depending on the site of autophagic blockage. For example, defects in macroautophagy initiation or cargo recognition lead to toxicity because of persistence of cargo in the cytosol. Failure to degrade lipid stores can lead to their toxic accumulation, and in fact defective lipophagy has been postulated to underlie the basis of fatty liver diseases [6 ] . Defective glycophagy would lead to cytosolic glycogen deposition [7] , different from its intralysosomal accumulation in LSD such as Pompe disease. Accumulation of cargo inside autophagic vacuoles or lysosomes, although less toxic, also gradually alters cellular homeostasis in part due to a vesicular trafficjam and in part because of the failure to recycle the breakdown products of the sequestered material. When defective clearance persists, autophagosome membrane stability is often compromised, leading to toxicity from cytosolic leakage of enzymes and undegraded materials, as described in Alzheimer's Disease (AD) [14] .
Defects in initiation of autophagy may benefit from treatments that increase autophagosome formation. However, this treatment would be ineffective when compromise occurs in the later macroautophagy steps, as it would only exacerbate the vesicular traffic-jam. Therapies should aim at repairing the specific defect, restoring cytoskeleton dynamics, facilitating autophagosome/lysosome fusion, or in case of primary defects in lysosomes, at recovering full degradative capacity. Interestingly, even in the presence of the original defect, expanding the lysosomal compartment, for example by expressing TFEB [39, 40] or enhancing the degradative capacity of lysosomes [41] , has proven beneficial in neurodegenerative diseases.
To date, all of the described CMA defects affect substrate targeting or lysosomal translocation. Persistence of CMA substrates in the cytosol due to faulty targeting leads to toxicity in part from undesirable conformational changes (aggregation) and in part from loss of their specific cellular functions. Disease-related CMA substrates include proteins involved in cancer (HIF-1a [42] , pyruvate kinase M2 [10] and mutant p53 [43] ) and neurodegenerative diseases (huntingtin [44] ). Pathogenic proteins that fail to translocate but bind tightly to the lysosomal membrane such as a-synuclein [35 ] , LRRK2 [36] or tau [37] , organize into oligomeric complexes that often disrupt lysosomal membrane dynamics and stability. Future studies are needed to elucidate if defective lysosomal proteolysis or accumulation of undegraded material as in the case of LSD could also negatively impact CMA in the long run.
What are the consequences of the biphasic autophagic response?
It is not unusual that studies on the same disease have reached opposing conclusions regarding the status of autophagy. Discrepancy may have arisen depending on the cellular conditions, the autophagic steps examined or the time during disease progression at which autophagy was analyzed. Autophagy often exhibits a biphasic response whereby activation occurs early in the pathogenesis as a protective mechanism, followed by a decline in autophagic function that becomes a contributing factor to disease progression. For example, although autophagic flux is compromised later in AD, at early stages, the affected neurons react by inducing autophagosome formation. This enhanced induction can contribute later on to neuronal toxicity as the newly formed autophagosomes accumulate, but upregulation of autophagy early enough in the disease my offer a window of therapeutic opportunity [41] .
Cancer is also a prime example of biphasic changes in autophagy. Whereas primary loss of autophagy predisposes to malignant transformation [45] , autophagic activation may confer tumor cells a survival advantage in metabolically stressful environments or in response to anti-oncogenic therapeutics injury [12] . Understanding whether autophagy is pro-oncogenic or anti-oncogenic in a particular stage is essential since inducing autophagy would be counterproductive in cells already employing this pathway as a pro-survival mechanism. In fact, in some cases, blockage of autophagy has shown promising antioncogenic effects [12] . However, the complex interplay between cancer and autophagy goes beyond mere timecourse changes and is affected by many other factors. For example, a recent study on pancreatic adenocarcinoma revealed that the role of autophagy in tumor development depends on the status of the tumor suppressor protein, p53 [46 ] . In the presence of p53, blockage of autophagy prevents tumor progression, whereas cancer cells lacking p53 exhibit accelerated tumor formation by favoring activation of anabolic pathways. These types of findings add complexity to the implementation of therapies based on modulation of autophagy and highlights the need to understand the role of autophagy in the disease to assure that the outcome of these interventions is indeed antioncogenic.
Autophagic failure: initial insult or adding insult to injury?
The therapeutic success in diseases with associated alterations in autophagy will be contingent on the ability to discriminate whether the autophagic change is primary, secondary or reactive to disease-related changes. Differentiating between primary and secondary defects is important to identify the best therapeutic target, whereas identifying changes in autophagy as primary or reactive often defines whether the therapy should drive autophagy upregulation or downregulation.
Genetic deletions, mutations and single-nucleotide polymorphisms (SNPs) in genes that participate in autophagy have been identified as a primary defect in a growing number of conditions. Besides the modifications in core autophagy genes described above, abnormalities in genes involved in the biogenesis of autophagy-related organelles can also lead to a primary defect in autophagy. For instance, mutations in presenilin-1 (PS1), that targets the proton pump to lysosomes, disrupts autophagic flux in AD [34 ] , and mutations the ESCRT protein CHMP2 (charged multivesicular body protein) that modulates multivesicular body formation, explains the altered autophagy activity in ALS affected neurons [47] (Figure 2 ).
Autophagy failure can also be secondary to disease-associated cellular changes. For example, the recently identified inhibitory effect of high-lipid content diets on macroautophagy and CMA [38, 48] explains how metabolic disorders that lead to increased intracellular lipids, such as obesity or fatty liver disease, may disrupt these two pathways. Despite the reactive activation of autophagy in the early stages of the metabolic condition as a defense against lipotoxicity, persistence of the lipid accumulation induces changes in the membrane lipids of autophagic compartments that reduce autophagic function. Similar membrane lipid changes are observed with age, implying that dietary changes could accelerate the age-related decline of macroautophagy and CMA.
In a growing number of conditions, autophagic toxicity is secondary to changes in substrates normally degraded by this pathway. For example, while proteins such as asynuclein, LRRK2 and tau undergo degradation through CMA, pathogenic modifications of these proteins in PD or tauopathies lead to CMA toxicity due to their abnormal interaction with components of this autophagic pathway (Figure 2 ). CMA becomes a 'victim' of its own substrates and in fact, preventing the targeting of these proteins to the lysosomal compartment is sufficient to decrease lysosomal toxicity and restore CMA activity.
Conclusions
Our current understanding of the contribution of autophagy to disease has benefitted in recent years from the thorough molecular characterization of autophagic pathways, their regulation and new physiological roles. Although some of the changes in the context of disease are still anecdotal, they are already helping to catalogue the different types of autophagy-related pathologies. We predict that current sequencing efforts will lead to the identification of additional diseases with mutations in autophagy genes and will provide a better understanding of the relevance of SNPS and genetic variations identified in these genes. Future expansion in the field of microRNAs, rapidly increasing in importance in disease diagnosis and prognosis, is also anticipated. In fact some microRNAs have already been implicated in autophagy regulation and autophagy regulatory microRNA signatures have been identified in Crohn's disease [49] , heart conditions [50] , PD [51] and some types of cancer [52] . Although the number of available chemical modulators of autophagy is still rather limited, the recent better understanding of the contribution of autophagy to disease initiation and progression should help to develop in the near future effective interventions targeting autophagy for the treatment of disease. 
